i AV R

e

PO

TECENICAL NOTES

LK
-

o \

i N

' \

YATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

e o

‘-I
& |
¥o. 479 .

S i L 3
T § én [] li
*
T4 OF THIN-WALLED DURBATUMIN OY
P ) o P e e T At
Al “ﬁ} - LR

e §5%

REPRODUCED BY

NATIONAL TECHNICAL
INFOI;ERMAﬂON SERVICE

U. S. DEPARTMENT OF COMMERCE
SPRINGFIELD, VA. 22161

(PSR

S o Lok
¥ UM UULNLULTLL

W

4
Y

U U M 0 0 L © &






N O T I C E

THIS DOCUMENT HAS BEEN REPRODUCED FROM THE
BEST COPY FURNISHED US BY THE SPONSORING
AGENCY. ALTHOUGH IT IS RECOGNIZED THAT CER-
TAIN PORTIONS ARE ILLEGIBLE, IT IS BEING RE-
LEASED IN THE INTEREST OF MAKING AVAILABLE

AS MUCH INFORMATION AS POSSIBLE.
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STRENGTH TESTS OF THEIN-WALLED DURLLUNIN CYLINDERS
IN PURE BENDING

By Eugene E. Lundguist
SUMMARY

This report is the tiird of a series presenting the
results of strength tests on thin-walled cylinders and
truncated cones of circular and elliptic section; it in-
cludes the results obtained from pure bending tests on 58
thin-walled duralumin cylinders of circular section with
ends clamped to rigid bulkheads. The tests show that the
stress on the extreme fiber at failure as calculated by
the ordinary theory of bending is from 30 to 80 percent
greater than the compressive stress at failure for :thin-
walled cylinders in compression. The tests also show
that length/radius ratio has no consistent effect upon
the bending strength and that the size of the wrinkles
that form on the compression half of a cylinder in bend-
ing is approximately equal to the size of the wriniles
that form in the complete circumference of a cylinder of
the same dimensions in compression.

INTRODUCTION

As part of an investigation of the strength of
stressed-skin, or monocoque, structures for alrcraft, the
National Advisory Committee for Aeronautics in coopera-
tion with the Army Air Corps; the Bureau of Aeronautics,
Navy Lepartment; the Bureau of ftandards; and the Acro-
nautics Branch of the Department of Commerce, made an ex~
tensive series of tests on thin-walled duralumin ¢ylinders
and truncated cones of circular and elliptic section at
Langley Field, Va, In these tests, the absolute and rel-
ative dimensions of the specimens were varied to study
the types of failure and to estadblish useful quantitative
data in the following loading conditions: torsion, com~
pression, bending, and combined loading.
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2 N.A.C.A. Technical Note No, 479

The first and second reports of this series (refer-
ences 1 and 2) present the results obtained in the torsion
and compression tests of cylinders of circular section,

The present report is the third of the series, and presents
the results obtained in the pure bending tests of cylinders
of circular section,

MATERIAL

The duralumin (Al, Co. of L. 17ST) used in these
tests was obtained from the manufacturer in sheet form
with nomipal thicknesses of 0,011, 0.016, and 0,022 inch.
The properties of this material as determined by the
Bureau of Standards from specimens selected at random are
given in references 1 and 2. Since all the test cylinders
failed by elastic buckling of the walls on the compression
half of the cylinder at stresses considerably below the
yield-point stress, the modulus of elasticity, which was
substantially constant for all sheet thicknesses, is the
only property of the material that need be considered.

SPECIMENS

The test specimens were right circular cylinders of
7¢5~ and 15,0-inch radii with lengths ranging from 1,87
to 37.5 inches. The cylinders were constructed in the
following manner: First, a duralumin sheet was cut to
the dimensions of the developed surface. The sheet Wwas
then wrapped about and.clamped to end bulkheads. (See
figse 1, 2, and 3,) With the cylinder thus assembled, a
butt strap 1 inch wide and of the same thickness as tle
sheet was fitted, drilled, and bolted in placé to close
.the seam,_  In the assemdbly of the specimen, care was taken
“to avoild having either & looseness of the skin (soft spots)
or wrinkles in the walls when finally constructed.

_ The end bulkheads, to which the loads were applied,
~were each constructed of two steel plates one—quarter inch
thick separated by a plywood core 1—1/2 inches thick far
the bulkheads of 7,5-inch radius and 3-1/2 inches thick
for the bulkheads of 15.,0-inch radius. These parts:were
bolted together and turned to the specifiéd outside diam-

‘eter. Steel bands approximately omne=-guarter inch thick

were used to clamp the duralumin sheet to the bulkheads,
These bands were bored to the same diameter as the bulk-
heads,
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N.A.C.A. Technical Note No. 479 3
APPARATUS AND LIETHOD

The thickness of each sheet was measured to an esti-
mated precision of #0.0003 inch at a large number of sta-
tions by means of a dial gage mounted in a special jig.
In general, the variation in thickness throughout a given
sheet was not more than 2 percent of the average thick-
ness, The average thicknesses of the sheets were used in
all calculations of radius/thickness ratio and stress, |

A photograph of the loading apparatus used in the
pure bending tests is shown in figure 1. This apparatus
is similar to the apparatus used to apply torgque to the
torsion specimens reported in reference 1. It consists
of a rectangular frame with two horizontal beams and two
vertical compression members, The lower horizontal beam
was attached to the lower bulkhead of the test specimen
while the upper horizontal beam was free to rotate about
a pin directly above the center of the ceylinder., The
load was applied by a jack at one corner of the rectangu-
lar frame, By means of a flexible cable that passed over
‘a series of pnlleys at dhis corner of the frame, half the
'load from the jack was transmitted as an up load to one
~end of the lower horizontal beam while the other half of
the load was transmitted through the rectangular frame to
the other end of the same beam as a down load, In this
manner, & bending moment unaccompanied by transverse shear
was applied to the specimen.

: In order to determine the possible errors caused by
friction in the joints of the frame, a special test was
made in which the moment applied to the-lower beam was
measured directly and compared with the moment calculated
from the force applied by the jack. These two moments
were found to agree within 1 percent throughout the range
of moments applied.

Loads were applied by the jack in increments of about
1l percent of the estimated load at failure. In several
instances, preliminary wrinkles began to form on the com—
pression half of the cylinder prior to failvre, With in-
crease in load, these wrinkles grew steadily in size and
sometimes in number until failure occurred by collapse of
the cylinder as characterized by a sudden formation of
wrinkles in several circumferential rows., (See fig. 2.)
Failure was always accompanied by a loud report and by a
reduction in load which continued with deformation of the
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cylinder after failure., -In-all the tests, 5 to 10 minutes
elapsed from the time that load was first anplied to the
speciuen until failure occurred.

When the cylinder was mounted for test; ‘the seam and
butt strap were usually placéd at the neutral axis, Eow-
ever, a few tests were made with the séam located on the:
extrene tension fiber, but the results were in agreenment
with thoge obtained when the seam was located at the: neu-
tral axisws

DISCUSSION OF RESULTS

" In reference 2 Brazier treats the bendimg of a thin-
walled cylinder of infinite length and shows that compo-
neats of the longitudinal tensions and coupfessions direct-
ed toward the neutral surface when the cylinder is Dex
cause the cross section.to flatten. According to Brazier,
the moment resisted by the cylincer passes through a max-
inum value when the cross section has flatiened such an
amount that the distande from the néutral axis to the ex~
treme fiber is seven ninths of the radius. Conseguently,
if the applied moment exceeds the maximum value of the re-
sisting moment, the cylinder of 1nfin1te length will cole-
lapse by flattealng completely at one or -more sections.
The maximum value of the resisting momrent as derived by

" Bragier is given by the equation ’ ' :

) 2,/2 EBEmr t°
M = LA S (1)
' ° «/'1-_-'02‘ :

where M, :mombﬁt
£, modulus of elasticity
g, Poisson's ratio
?, mean radius of cylinder

t, thickness of cylinder wall -

. Unfortunately. there is no theory available coacern-
ing the bending of thin-walled cylinders of the lengths.
teeted. For the cylinders considered in. this report fail-
ure oceurred on. the compression half of the cylinder in
bending by the formation of wrinkles that wera generally
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similar to those that. formed in the complete circumference
for cylinders in compression. (See figs. 2 and 3.) ZEx-
cept for the few cylinders in which preliminary wrinkling
occurred, there was no vigible defornation of the cylin-
der prior to failure (collapse of the compression half of
the cylinder). Conseguently, in the analysis of the test
resuvlts, it is assumed that the ordinary theory of bending
applies; 1i.e., that the stress distribution over the cross
section is linear and that the stress on the extreme fiber
is given by the eguation

s = e - M (2)

These assumptions may be in error because any tendency of
the cylinder to deform between bulkheads prior to failure,
even though the deformation be small, will cause thie stress
distribution to be nonlinear. Consequently, it is proposed
to investigate at a later date the stress distribution in
cylinders., 7For the present, however, the results of the
tests herein reported are believed to be of sufficient in-
terest to warrant discussion on the basis of the simple
bending theory.

Since the type of failure for cylinders in bending
is generally similar to the type of failure for cylinders
in compression, it is assumed that the compressive stress
on the extreme fiber at failure for a thin-walled cylin-
der in bending is given by an equation of the same gen-
eral form as the corresponding equation for cylinders in
compression (see equation (11), reference 2)

Sp = Ky B (3)

where S, is the stress on the extreme fiber at failure
as calculated by equation (2) and Kp 4is a nondimeunsion-
al coefficient that varies with the dimensions and inper-
fections of the cylinder.

- Values of Ky calculated for each test cylinder are
plotted against 1/r and r/t in figures 4 and 5, re-
spectively., ZFrom these figures it is concluded that, ex-
cept perhaps for very short cylinders, the radius and
thickness as expressed in the ratio r/t are the only di-
mensions of the cylinder that need be considered in deter-
mining Kp,» Dbecause the large effect of slight imperfec-—
tions and eccentricities in the elements of the cylinders
conpletely overshadows the small effect of length.
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For convenience of refereace, the correspo.ding plot
of K. against r/t for the compression tests made by
the N.A.C.A. and .reported in.reference 2 is given ia fig-
ure 6. TFrom figures 5 and 6, it is concluded that the
stress on the extre:ie fiber at fdailure as calculated 1y
the ordinary theory of bending is from 30 to 80 percecat
greater than the stress at failure for a thin-walled cyl-
inder of the same radius/thickness ratio in cormpression,

- This increase in the gtrese at failure is no doubt caused
by an increased stability of the cylinder in bending, :
The fact that the stress distribution is nonuniform has a
tendency to increase the calculated stress on the extreue
fiber, In addition, tension inm one half of tue cylinder
provides increased stability for the elements subjected
to compression in the other half. The fact that cylin-
ders loaded eccentrically in compression fail at the saue
calculated stress on the extreme fiber as cylinders losd-
‘ed centrically (reference 4) indicates that perhaps the
proscnce of tension in one half of the cylinder is the
more important of the two factors that contribute toward
ail increased stability of the cylinder.

The results of the bending tests plotted in figure
5 are replotted in figure 7, where distinction is made
regarding those points representing cylinders in which
wrinkling occurred prior to failure. From tais figure it
nay be concluded that preliminary wrinkling did not appar-
Atly reduce .the gtress at failure.

After failure the relative snape of the wrinkles is
the same for the bending and compression tests. (See
figse 2 and 3,) Conseqaently, to. corpare the absolute
size of the wrinkles for the bending and compression tssts,
it is only necessary to compare exper1menta1 values of k
as defined by the equation

waere Aec 1is the wave length of ‘a wrinkle in the direc—~
tion of the circumference.,  From table I, waere tie cou-
pazlson is made, it is concluded that the size of ‘taa
wrinkles that form on the compression half of a cylinder
in bending i approximetely equal to the size d6f ‘the wrin-
kles that form in the conplete circumference of a eylinder
'of the same dimen31ons ;n comﬁression.'

From tﬁe preceding dlscussion it follows that the_

P H ¥ U M U UL K U M U M W U ¥ ¥ L



J.A.C.A, Teclhnical Yote Yo. 479 7

strength and failure of thiin~walled cyrlinders in bending
is closely related to the streangtlh and failure of thin-
walled cylinders in compression, For cylinders in com-
pression the results obtained by different investigators
were found to differ widely, in some cases, dependiang up-
on thes technique used in constructing and testing the cyl-
inders (reference 2), Consequently reference 2 should be
studied in conjunction with the present report so that
proper consideration may be given to the probable disper-
sion of test results. '

In figure 5 are plotted the results of three bendiug
tests reported by Mossman and Robianson in reference 5.
In these tests the stress varied between the two bulkheads
wnere failure occurred, Accordingly each experimental
point is plotted in figure 5 as a vertical line to show
the variation in stress., It will be noted that the re-—
sults of these test plots are near the lower 1limit of tlae
results of the N,A.C.A. tests,

There are also plotted in figure 5 the results of 22
bending tests on thin-walled duralumin tubes made by Im~
perial and Bergstrom. (See fig. 2 of reference 6.) As
the stress at failure and the radius/thickness ratio were
the only data given in reference 6, it was necessary to
divide the former by an assumed value of the modulus of
elasticity (107 pounds per square inch) to obtain the val-
ue of Ky for plotting in figure 5. It will be noted
that for values of r/t greater than 'about 70, the re-
sults of the tests plot near the lower limit of the N.A.C.4.
results extrapolated to this value, Below % = 70 the ez~
perimeantal values of Ky, tend to be constant, as might be
expected, since the stresses that correspond to these val-
ues are probably in excess of the yiéld-point stress for
the naterial.

In reference 6 no stress-strain curves or other in-
formation concerning the yield point of the material test-
ed is given., Consequently, it is impossible to draw a
geuneral conclusion regarding the bending strength of tain-
walled tubes in terms of the properties of the material
at the smaller values of r/%. It is significant, howev-
er, that the experimental points representiang these data
indicate an abrupt change from plastic to elastic failure

at % = 70, approximately. This abrupt change is no

doubt caused by the fact that the characteristic stress—
strain curve for duralumin breaks sharply at the yield
point,.
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COCLUSIOSS

1, The stress on the extreme fiber at failure (col-
lapse of the cylinder) as calculated by the ordinary the-
ory of bending may be given Dby an equation of the form

Sp = Ky E

Except for very short cylinders, the radius and thiclkuness
as expressed by the ratio r/t are the only dirensioans
that need be cousidered to establish the value of EKy.

e Values of Ky for CV1inders in bending are ap-
proximately 30 to 80 percent greater than correspondin
values of X, for cyl1nders in compression,

2¢ Wrinkling prior to failure did not apparently
reduce the stress at failure.

4, After the cylldder has failed the wave lengths
of the wrinkles in the direction of the axis and of the
circumference are approximately equal and the size of the
wrinkles that form on the compression half of the cylin-
der in bending is approximately equal to the size of wrin-
kles that form in the complete circumference of a CVI1n~
der of the same dimen51ons in compression.

- Langley Memorial Aéronautical-Laboratory,
National Advisory.Committee for Aerorautics,
Langley Field, -Ve,, September 29, 1933,
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N.A.C.A, Technical Note No. 479 Fig.2

r = 15.0 in.; _}. = 3.00; I = 673

=15.0i,'.l_= o s L = = .l- . T .
r Bej 3= 0.70; £ =980 r=15.0 in.; - = 0.50; $ = 949

Figure 2.- Photographs of cylinders after faillure
(pure bending tests).
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N.A.C.A. Technical Note No. 479 Fig.3

r = 15.0 in.; _r‘.= 0.63; ¥ = 1,415 r = 15.0 in.; 'z-l"' 0.50; £ = 711

Figure 3.~ Photographs of cylinders after failure
(compression tests, fig. 8 of reference 3).
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Figure 4.-Plot of Kp against length/radius ratio.
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N.A.C.A. Technical Note No. 479 . Fig. 86
0050 | LI [T T [T
j\ For thin-walled cylinders in compression |
-0040 N (equation (11) of reference 2) Se = KcE
N A o
N (Compression tests, fig.7 of ref.2).—
0030 \ N Tests on duralumin cylinders by N.A.C.A.
: r
\%.»--'B \ 7.5 150 1
3 N ) (in.)(in.) r
¢ \ q 0.25
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A, Robertson cylinders; graph of equation(8), reference 2, with

B, Cylinders of infinite length; graph of equation(8),

- - Smin - i1
reference 2, with ¢ = 0.3, E 0.6 3(1-62] r

C. Lower limit of test data.
Figure 6.-Logarithmic plot of Ke against radius/thickness ratio.
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N.A.C.A. tests on duralumin cylinders.
o Specimens that did not wrinkle prior to failure.

X " » wrinkled prior to failure.
.0040 <
\\
N ~
0030 A N
' NEAN N\ A
N\ N N
Y N N
\\ \B \\
.0020 N N N
[e)
C AN AN .:\
AN N
.0014 Mk 4]
\ N | o N
AN
0010 NN >
. \\\ \ Jg \\
AN
.0008 N N
\\ C\\ f” AN
Kp \\ \\ N
.0008 "X X A
\ 2 N
.0005 . e
S N N
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.0003 N\ T
\ N
A p N
-]
.0002 fe
N [o]
\
\
\
\
\
\‘
.0001 \\
100 200 300 400 600 800 1,000 1,400

Radius r
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Curves A,B and C obtained from figure §.

Figure 7.- Effect of wrinkling prior to failure on the bending
strength of cylinders.
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